It is well known that beam brightness can be enhanced with smaller extraction aperture in plasma ion sources. Reducing aperture size to micrometer scale, however, decreases beam currents significantly since the extraction field cannot be penetrated into the plasma source. In this article, a novel extraction method based on bias electrode is proposed and demonstrated by observing the existence of high current mode with 100 m aperture diameter. Ion current with a positively biased electrode is increased by an order of magnitude from that of the nonbiased case. Locally converging electrons near positively biased electrode are thought to be the main cause of the high current mode.
I. INTRODUCTION
Focused ion-beam ͑FIB͒ systems employing high brightness ion source have been developed continuously since the first commercial instruments were introduced more than a decade ago. 1 The rapid growth of semiconductor and nanofabrication industries becomes a main driving force in the development of the FIB system. Although most of the commercial FIB instruments use liquid metal ion source ͑LMIS͒ as an ion gun because of its superiority of high brightness at image side, some drawbacks of LMIS still remain unresolved. Firstly, LMIS provides only a limited choice for ion species such as gallium ion so that FIB using LMIS may not be suitable for nanoscale measurements since gallium ions can cause severe contamination or damage to the structure of objects. Also, it is reported recently that a phase alloy can be formed while gallium ion is bombarded for ion milling or sputtering of copper, which limits the aspect ratio of microfabrications. 2 Moreover, it is known that doped layers by gallium ion beam have undesirable effects such as erosion on aluminum metal wiring in semiconductor circuit. 3 In recent years, numerous attempts to develop a high brightness plasma ion source for FIB have been made in order to overcome these obstacles. 4, 5 While plasma ion source has advantageous features of high current and high angular intensity, its brightness is much lower than LMIS. It is known that one of the crucial ways to reduce the emittance of plasma ion souce is to extract ions through the microsized extraction aperture. However, the accelerating electric field cannot penetrate far into the plasma region due to its low aspect ratio ͑aperture diameter versus electrode thickness͒, which means one cannot modify emissive boundary to form extracted ion beams with focused beam optics. 6 Also, defocusing effect resulted from unmodified and bulging emissive boundary near the microsize aperture may reduce extracted ion current significantly. Therfore, high current extraction could not be possible in the microsized aperture so far.
In this article, a new concept of high brightness ion source is described with the test results of the new plasma source with inductively coupled plasma source and extraction system with 100 m extraction aperture. By using a separate positively biased electrode, the extracted ion current is increased drastically, which may not be observed in the conventional ion source.
II. EXPERIMENTAL SETUP
A schematic diagram of the ion source is shown in Fig.  1 . The ion source consists of an inductively coupled plasma source and a triode extraction system. For the plasma source rf power at 13.56 MHz is delivered to an inductive rf coil which surrounds the discharge chamber, a quartz tube with 54 mm inner diameter and 80 mm length. The extraction system consists of plasma electrode, bias electrode, ground electrode, and insulators between the electrodes. Electrodes except aluminum ground electrode are made of copper with water cooling channel. Accelerating voltage of 0 -4 kV is applied between the plasma electrode and the ground electrode. Positive or negative biases with respect to the plasma electrode are applied to the bias electrode by using regulated dc power supply or KEPCO™ bipolar voltage supply. For insulation between the plasma electrode and bias electrode, a ceramic disk with 1 mm thickness is inserted with a central bore with 3 mm diameter that determines the exposure area of bias electrode to the plasma. The extraction aperture with 100 m diameter and 500 m depth ͑aspect ratio of 1 / 5͒ is fabricated on the bias electrode with tapered angle of 20°, appropriate for reducing aberration. The gap distance between the bias electrode and the ground electrode is set to be 5 mm. Because of extremely small aperture, an additional turbo molecular pump is installed onto the plasma source chamber separately. In this configuration, high vacuum of ϳ10 6 Torr is maintained in the extraction region ͑between the bias electrode and ground electrode͒ while plasmas are generated at the pressure of a few tens of milliTorrs in the plasma source chamber.
III. EXPERIMENTAL RESULTS AND DISCUSSION
Extracted ion-beam currents with argon gas are shown in With low bias voltages up to 15 V, extracted ion currents decrease rapidly by two orders of magnitude ͑regime 1͒, while extracted ion currents slightly increase and then decay slowly with negative bias. Beam currents may come from directly driven ion currents in this regime. Using typical plasma parameters such as electron density ͑10 11 -10 12 /cm 3 ͒, plasma potential ͑20 V͒, and electron temperature ͑5 eV͒, the estimated plasma sheath size of approximately 70-200 m is of the same order or larger than the aperture diameter. 7 Considering the low aspect ratio ͑1/5͒ of the extraction aperture, low ion currents in this regime may be explained with defocusing effect near microsized aperture due to bulging emissive boundary ͑sheath boundary͒. Direct ion currents driven by negative potential with respect to plasma potential may decrease as the potential difference is reduced. After this regime, extracted ion currents start to increase exponentially up to a similar level of the zero-bias case ͑regime 2͒. Increased ion currents seem to be related with electron currents toward bias electrode up to the level of electron saturation current with increased bias voltage. If the bias voltage goes further beyond threshold value, ion currents increase abruptly by two orders of magnitude ͑regime 3͒. Energetic electrons converging toward bias electrode may start to generate extra ions near the extraction hole via ionization.
In order to examine the mechanism of high current mode, characteristics of bias currents are measured by sweeping bias voltage with bipolar voltage supply. In Fig. 3 , current-voltage curves show current jumps at threshold voltages that increase with rf power. It is observed that the required threshold voltages for abrupt jump in Fig. 3 are exactly consistent with those of the extracted beam current jumps in Fig. 2 . From these abrupt jumps, localized extra ionizations are believed to be triggered inside the extraction aperture as well as near bias electrode. This kind of discharge seems to resemble hollow anode discharge ͑HAD͒.
8 However, characteristics of low voltage and high current are much different from those of the conventional HAD. Highdensity plasmas are likely to permeate the microsized aperture with strong local ionizations, and thus emissive boundary can be extruded beyond the low aspect ratio aperture so that the high current mode becomes possible. Moreover, one can also identify typical I-V curves near electron saturation region of plane probe right before abrupt jumps. It is interesting that the differences between threshold voltage and plasma potential ͑estimated by the derivative of I-V curves͒ are found to be over 12 V in all cases, corresponding to the possible inelastic energy transfer from drifting electrons to neutrals. This could be one of the evidence for the intense local ionization by these energetic electrons.
Characteristics of localized ionization are studied by measuring bias voltage-current curves in current-controlled mode for different rf power, as shown in Fig. 4 . Voltagecurrent curves suggest the localized ionization to be in abnormal glow mode, where current saturation is observed at the end of the abnormal mode instead of arc transition since rf plasmas play a role of cathode. The saturation current proportional to the beam current is increased with increased rf power, which also implies that the background plasma acts as a cathode in the localized ionization. Bias currents saturate at lower bias voltage with increasing rf power which implies the increase of plasma conductivity. Also, extracted beam current is observed to be unstable when plasma is operating at high bias voltage near the saturation region. Thus high rf power is favorable for stable operation of high current mode. Figure 5͑a͒ shows plots of extracted currents for argon gases as a function of accelerating voltages. Similar to the results shown in Fig. 2 , it is found that ion currents with biased mode are increased by an order of magnitude compared with nonbiased mode. As bias current is increased, it is clear that the extracted currents also increase monotonically up to the saturation level. Taking into account the relation between the ion saturation current and plasma density, bias current is believed to indicate the plasma density near extraction aperture which is also a crucial parameter for ion source optics. On the contrary, dependency of rf power on ion current seems to be less important as depicted in Fig. 5͑b͒ . There is only 20% increase in ion current by doubling rf power from 500 to 1000 W while a factor of 2 increase in ion current by increasing bias currents from 1 to 2 A. However, high rf power leads to stable operation of high current mode at low bias voltage. Therefore, further studies to optimize background discharge conditions for stable and bright extraction of ion source are required. 
